Introduction
============

Peritonitis is the most serious complication caused by *Staphylococcus aureus* during peritoneal dialysis (PD). A common complication that is encountered by the PD patient is peritonitis, which causes the patient to revert back from PD into hemodialysis treatment. Peritonitis can lead to loss of capability of renal function in dialysis, such as decreased ultrafiltration, peritoneal membrane failure and leads to sclerosis.[@b1-dddt-12-481],[@b2-dddt-12-481] There is also a higher incidence of morbidity with mortality caused by peritonitis. Peritonitis is usually caused by infection from Gram-positive and Gram-negative bacteria and sometimes by fungi. Gram-positive bacteria that usually can lead to peritonitis are from *Staphylococcus* family, such as *S. aureus*. This study, therefore, focuses on *S. aureus*, which is one of the major causes of peritonitis among PD patients. *S. aureus* bacteria are present in the nose and on the skin as normal skin flora, which can increase the risk of causing exit-site infection and peritonitis from 2- to 6-fold.[@b1-dddt-12-481],[@b2-dddt-12-481] A nasal cream is used to reduce the incidence of infection.

The currently recommended treatment for peritonitis is the administration of antibiotics via intraperitoneal (IP) route. It is preferred to administer antibiotics through the IP route than via intravenous and oral routes for peritonitis, as IP route results in high local dosage level of antibiotics in dialysate.[@b3-dddt-12-481] Moreover, bioavailability of antibiotics in the peritoneal cavity can be limited by their high molecular weight, protein-binding capacity and lipid solubility that will cause the antibiotics become ineffective when administered via the intravenous or oral route.[@b4-dddt-12-481]

Although there are many antibiotics in use for the prevention of peritonitis, mupirocin (MP) has been recommended widely, since it has prophylactic effects toward *S. aureus* as it has shown effectiveness in terms of killing *S. aureus* in several studies on application as ointment at the catheter exit site, while changing the dressing. Application of antibiotic ointment at the exit site helps in reducing the infection by the causative microorganism. However, alcohol present as an adjuvant in ointment causes holes in the catheter from the formulation. The holes in the catheter formed by the cream lead to leakage of the contents of the catheter and necessitate replacement of the catheter, which further increases the number of hospital visits. This causes inconvenience to the patient and decrease in quality of life as well as increase in health care cost.

MP has a property of inhibiting bacterial protein synthesis by binding to bacterial isoleucyl t-RNA synthetase. It acts by interrupting the peptide chain elongation, in turn blocking the A site of ribosomes that leads to misreading of the genetic code, thus preventing the attachment of oligosaccharide side chain to the glycoprotein. MP is effective in eradicating methicillin-susceptible and methicillin-resistant strains of streptococci and staphylococci. Although the application of MP topically at the exit site of PD patients showed a significant decrease in the incidence of ESI, peritonitis was still prevalent.[@b1-dddt-12-481],[@b5-dddt-12-481]--[@b7-dddt-12-481]

There are several routes of drug administration for antibacterial agents, such as topical, parenteral and enteral routes. Transdermal route of antibiotic administration is the focus of interest in this study. Recently, transdermal drug delivery approaches are being used widely as they proved to be advantageous in delivering selected drugs and showed uniformity in transferring the drug over time in the plasma. They show improved therapeutic efficacy and drug safety, as they can be controlled and monitored over time.[@b8-dddt-12-481]--[@b10-dddt-12-481] This study aims to develop and test the patches in terms of antibacterial effectiveness to prevent the migration of bacteria. Therefore, it could be used at the catheter site for PD patients who encountered peritonitis, as a way to reduce microbial contamination.

Materials and methods
=====================

Materials
---------

MP was purchased from Pi Chemicals Ltd. (Shanghai, China). Eudragit RS 100 (ethyl acrylate, methyl methacrylate copolymers with trimethylammonium ethyl methacrylate) was gifted by Evonik Röhm GmbH (Arnsberg, Germany). Ethyl cellulose (EC; ethoxy content 48.0%--49.5%, viscosity 18--22 MPa) was received from Dow Chemicals (Midland, MI, USA). Dow Corning^®^ BIO-PSAAC7-4201 silicone adhesive was obtained as a gift from Dow Corning Corporation (Midland, MI, USA). Polyvinyl pyrrolidone (PVP; Kollidon^®^ 30) was obtained as a gift sample from BASF Chemical Company (Ludwigshafen, Germany). Dibutyl sebacate (DBS) was purchased from Sigma-Aldrich Chemie GmbH (Riedstr, Germany). All other chemicals used in the study were of analytical grade and were used as received.

Formulation of transdermal matrix patch
---------------------------------------

The polymeric matrix patches were prepared by solvent casting methods by dissolving 400 mg of Eudragit RS 100 and 300 mg of EC in 5 mL of chloroform with the help of slow magnetic stirrer in a beaker.[@b11-dddt-12-481]--[@b13-dddt-12-481] Also, 100 mg of copolymer (PVP) and 3 mL of silicone adhesive were added with uniform stirring. Then, to the above solution, DBS plasticizer at 20% of the total polymer weight and 20--40 mg of MP were added and stirred for 30 min. Then, the total mass was slowly poured into the center of stainless steel rings having a backing layer of aluminum foil and left to be dried at room temperature for 5 days. The dried patches were then stored in a desiccator or in an airtight container until further use ([Table 1](#t1-dddt-12-481){ref-type="table"}). Similar patches were prepared without silicone adhesive.

Characterization of matrix patch
--------------------------------

### Matrix patch thickness and tensile strength

Digital micrometer (Mitutoyo, Tokyo, Japan) was used for determining patch thickness ([Table 1](#t1-dddt-12-481){ref-type="table"}). The tensile strength was measured with a load of 50 kN at 5 mm/min extension speed using an Instron 4204 (Instron, Buckinghamshire, UK) tensilometer. The test was performed according to the method D 882 -- 75D of the American Society for Testing Materials for six samples of each formulation patch.[@b11-dddt-12-481],[@b12-dddt-12-481],[@b14-dddt-12-481] A temperature of 25°C±2°C and humidity of 56%±2% were maintained for the test ([Table 1](#t1-dddt-12-481){ref-type="table"}). The below equation was used for the calculation of tensile strength: $$\tau = \frac{L_{\max}}{A_{i}}$$where τ is the tensile strength, L~max~ is the maximum load and A~i~ is the initial cross-sectional area of the sample.

Determination of modulus of elasticity
--------------------------------------

The modulus of elasticity reflects the stiffness or elasticity of the transdermal patches. This indicates resistance to distortion of the films, which was calculated by plotting the stress--strain curve by using an Instron 4204 tensilometer.[@b15-dddt-12-481] The modulus of elasticity is represented as the ratio of applied stress over strain in the region of elastic deformation, which was determined using the following formula ([Table 1](#t1-dddt-12-481){ref-type="table"}): $$E = \frac{\text{Stress}}{\text{Strain}}$$where E is the modulus of elasticity.

Drug content
------------

An accurate weighed portion of the patch was dissolved in a suitable solvent in which the drug is soluble and then the solution was shaken continuously for 24 hours in a shaker incubator; later, the whole solution was sonicated.[@b16-dddt-12-481] After sonication and subsequent filtration, the drug in solution was analyzed by high-performance liquid chromatography. The separations were carried out with C18 column (250×4.6 mm, 5 μm) at 25°C and the mobile phase combination of ammonium acetate (0.05 M adjusted to pH 5.0 with acetic acid) and acetonitrile 60:40 (v/v). The flow rate was 0.5 mL/min, the ultraviolet detection was set at 230 nm and the injected volume was 10 μL ([Table 1](#t1-dddt-12-481){ref-type="table"}).

Moisture content
----------------

The matrix patches were independently weighed and preserved in a desiccator for a day at 40°C. They were consecutively reweighed until a constant weight was established. The initial and constant final patch weight difference was noted to calculate the moisture content percentage. Six readings were recorded and the average was calculated as reported by Rajabalaya et al.[@b17-dddt-12-481] The values are presented in [Table 1](#t1-dddt-12-481){ref-type="table"}. $$\text{Percentage}\ \text{moisture}\ \text{content}(\%) = \frac{\text{Initial}\ \text{weight} - \text{Final}\ \text{weight}}{\text{Final}\ \text{weight}} \times 100$$

Water absorption capacities
---------------------------

Water absorption capacity was determined by weighing the dry patches initially. Then, they were placed in two different relative humidities (RH) for 24 hours at room temperature. Saturated sodium chloride solution and saturated ammonium hydrogen phosphate solution yield 75% and 93% humidities, respectively. The weight of the patch was recorded periodically till the weight was constant. The average of six readings was recorded ([Table 1](#t1-dddt-12-481){ref-type="table"}).[@b17-dddt-12-481] $$\text{Percentage}\ \text{moisture}\ \text{uptake}(\%) = \frac{\text{Final}\ \text{weight} - \text{Initial}\ \text{weight}}{\text{Initial}\ \text{weight}} \times 100$$

Fourier transform infrared (FTIR) spectrum
------------------------------------------

MP, EC, Eudragit RS 100 (RS 100), PVP and their combinations such as EC:PVP:MP and RS:PVP:MP are shown in [Figure 1](#f1-dddt-12-481){ref-type="fig"}. Each component was mixed individually with KBr (infrared \[IR\] grade) in 100:1 ratio, which was pressurized using the hydraulic press to obtain pellets. The FTIR was performed using an FTIR spectrometer (Cary 630 FTIR Spectrometer; Agilent Technologies, Santa Clara, CA, USA) and the spectra were determined at a resolution of 4 cm^−1^ in the frequency range of 650--4,000 cm^−1^ ([Figure 1](#f1-dddt-12-481){ref-type="fig"}).[@b15-dddt-12-481]

In vitro release studies
------------------------

In vitro release studies were carried out in a Franz diffusion cell (EMFDC-06; Orchid Scientific, Nashik, India). A piece of circular patch (2±0.1 cm) was mounted on the receptor compartment, which was filled with freshly prepared PBS having pH 7.4. Temperature was maintained at 32°C±0.5°C. Sample (0.5 mL) was withdrawn every hour for 8 hours and replaced immediately with the same volume of PBS solution. Samples were then diluted and analyzed by high-performance liquid chromatography method as mentioned in the "Drug content" section.[@b18-dddt-12-481]

In vitro antimicrobial activity
-------------------------------

### Disk diffusion assay of transdermal matrix patch

A 0.5 McFarland standard from DensiCHEK plus standards kit (bioMerieux, Inc., Durham, NC, USA) that was equal to 1.0×10^8^ colony forming units (CFU)/mL for bacteria was used. This was compared with inoculum preparation for a colony of *S. aureus* American Type Culture Collection 25923 strain prepared from 24 hours old pure agar culture and transferred into 5 mL of nutrient broth.

Mueller--Hinton Agar (MHA) was used for disk diffusion assay in determining the antibacterial activity of MP patch. This assay was performed according to the standard Clinical and Laboratory Standards Institute guidelines and the British Society of Antimicrobial Chemotherapy (BSAC) for antimicrobial susceptibility testing. *S. aureus* was cultured on MHA plate overnight before inoculating it in nutrient broth medium to a turbidity of 0.5 McFarland. The bacterial culture suspension was then spread onto MHA plate. Matrix patches ([Table 1](#t1-dddt-12-481){ref-type="table"}) A1, A2, B1 and B2 were cut into 6 mm in diameter using a sterile stainless steel paper cutter ([Figure 2](#f2-dddt-12-481){ref-type="fig"}). The matrix patches, with and without MP, and standard antibiotic control were placed and slightly pressed onto the agar-containing lawn of *S. aureus*. The control matrix patch without MP was placed side by side with standard control (gentamicin) and the matrix patch with MP was placed at the bottom of the agar plate. This was done in triplicate, and all plates were in inverted position and incubated at 37°C overnight. On the next day, the diameter of the clear zone, also known as inhibition zone, was measured using a ruler and standard error was taken into account. This was to test the efficacy of the matrix patches that contained the drug.

In vivo animal studies
----------------------

### In vivo animal studies for bacterial count

Animal studies were used to evaluate the effect of matrix patch on the rat skin against *S. aureus*. The University Research Ethics Committee of Universiti Brunei Darussalam approved the procedures and animal care for the experiments undertaken in this project (Reference number: UBD/AVC-RI/1.21.6). The experimental conditions were in compliance with the requirements of the University Research Ethics Committee.

Male Sprague Dawley rats were used for animal studies. They were freely given food and water. Sprague Dawley rats (n=6) which were 5 months old and weighed 400--450 g were included in the experiment and separated into four different groups. The groups of animals used for evaluation are as follows: group 1 is negative control (matrix patch without drug); group 2 is positive control group (commercial 2% MP ointment applied on rat skin); group 3 is A1 patch (EC matrix patch with MP \[1.5 cm^2^ area, 6.25 mg\]) and group 4 is B1 patch (Eudragit RS 100-based matrix patch with MP \[1.5 cm^2^ area, 6.25 mg\]), as shown in [Table 2](#t2-dddt-12-481){ref-type="table"}. Animals were shaved for an area of about 4 cm^2^ at the back of their neck using an electrical hair clipper, and then cleaned with isopropanol wipes (70%) and left undisturbed for a day to let the skin to recover. This method had been modified from that of Mendes et al.[@b19-dddt-12-481]

Application of matrix patch on the rat's skin
---------------------------------------------

The rat was restrained by holding the rat's head and body gently in a sterile animal room. Isopropanol wipes (70%) were used to clean the hair removal area before applying the transdermal patch. A negative control matrix patch of 1.5 cm^2^ area, commercial 2% MP ointment and test patches (A1 and B1) were applied on the clean skin surface. These were applied at the middle of the 4 cm^2^ of shaved area ([Figure 3A](#f3-dddt-12-481){ref-type="fig"}). To ensure the stability of the matrix patch being attached strongly on the skin area, an additional adhesive membrane was used ([Figure 3B](#f3-dddt-12-481){ref-type="fig"}). A freshly prepared *S. aureus* that had been suspended in 0.9% saline was adjusted to a turbidity equivalent to 0.5 McFarland standard. These bacteria were introduced on the rat's skin by inoculating 100 μL of the suspended bacteria within 2 cm^2^ area around the patch and were evenly spread out ([Figure 3C](#f3-dddt-12-481){ref-type="fig"}). Two swabs were taken around this area, which were at 1 and 2 cm, respectively ([Figure 3D](#f3-dddt-12-481){ref-type="fig"}), before placing the rats back in their respective individual cages and observed for few minutes to prevent the patch detaching from the skin.

Bacterial swab at different intervals
-------------------------------------

Swabs were taken from the area inoculated with bacteria using sterile swabs at two different locations which were approximately 1 cm and 2 cm away ([Figure 3D](#f3-dddt-12-481){ref-type="fig"}) from the matrix patch at 0, 5 and 24 hours. The swab taken was rolled on the skin 3 times and suspended in the sterile 0.9% saline on ice.

Plate inoculation
-----------------

The swabs taken from the rats were maintained at 5°C±1°C temperature until further studies. The vial containing the swab was vortexed to ensure that the bacteria were displaced into liquid. Then, 100 μL of the suspension was plated onto MHA plate. The entire plate was covered by using L-spreader to ensure that the inoculum was evenly spread. It was incubated overnight and the colonies were counted the next day ([Table 2](#t2-dddt-12-481){ref-type="table"}). $$\text{CFU}/\text{mL} = \frac{\text{Number}\ \text{of}\ \text{colonies} \times \text{Dilution}\ \text{factor}}{\text{Volume}\ \text{of}\ \text{culture}\ \text{plate}(\text{mL})}$$

Skin irritancy test
-------------------

Skin irritancy test was performed to determine the localization of skin reaction on male Sprague Dawley rats weighing between 400 and 450 g with slight modifications to the method reported by Rajabalaya et al.[@b20-dddt-12-481] Four groups of animals were used to evaluate skin irritancy: the first group was applied negative control patch, the second group received 2% MP ointment (positive control), the third group received an A1 patch with MP (1.5 cm^2^, 6.25 mg) and the fourth group received a B1 patch with MP (1.5 cm^2^, 6.25 mg). The optimized patches (1.5 cm^2^, 6.25 mg) were applied once on 4 cm^2^ of the shaved area on the posterior side of the dorsal region at the back of rat. The observed localized reactions were edema and erythema as shown in [Table 3](#t3-dddt-12-481){ref-type="table"}.

Histopathologic analysis
------------------------

Histopathologic studies were carried out for the elucidation of the mechanism of penetration enhancement and the skin irritation potential of the investigated enhancer. In this study, the rats that had been treated with matrix patch were sacrificed after 24 hours and the skin samples were removed and transported in 0.9% saline to the laboratory.[@b16-dddt-12-481] Each specimen was cleaned and unnecessary fat tissue was removed; the specimen was cut into cross-sectional and longitudinal sections for observational studies. These samples were stored in 10% formalin solution in PBS. Each section was dehydrated using ethanol, embedded in paraffin for fixing, sectioned into 5 μM thick sections and stained with hematoxylin and eosin. These samples were then observed under a light microscope and compared with control sample. Three different sites were scanned for observation in each skin sample ([Figure 4](#f4-dddt-12-481){ref-type="fig"}).

Statistical analysis
--------------------

Microsoft Office Excel was used to tabulate and represent the results graphically. All data are expressed as mean ± SD unless otherwise specified.

Results
=======

Characterization of matrix patch
--------------------------------

### Thickness, tensile strength and modulus of elasticity

The mechanical properties of the formulated patches are shown in [Table 1](#t1-dddt-12-481){ref-type="table"}. The average thickness of all formulations was from 0.63 to 1.12 mm. However, the thicknesses of A1 and B1 (0.66 and 0.63 mm, respectively) matrix patches were lower compared to those of A2 and B2 patches (1.11 and 1.12 mm, respectively). The average tensile strength was from 5.08 to 10.08 MPa, and the modulus of elasticity ranged from 21.53 to 42.19 MPa. From the results, it was evident that the tensile strengths of A1 and B1 (5.08 and 7.50 MPa, respectively) were lower compared to those of A2 and B2 (9.06 and 10.08 MPa, respectively). Furthermore, the modulus of elasticity value was higher for lower thickness patches such as A1 and B1 (21.53 and 28.26 MPa, respectively) than higher thickness patches A2 and B2 (38.56 and 42.19 MPa, respectively). [Table 1](#t1-dddt-12-481){ref-type="table"} shows clearly that there was no significant difference in mechanical properties between these two different polymer-based patches, A and B from EC and Eudragit RS 100, respectively. However, the B1 and B2 patches were superior to A1 and A2 in terms of tensile strength, modulus of elasticity and physical appearance. The physiochemical characteristics of the patches without silicone adhesive are not presented as they were not significantly different compared to the silicone adhesive patches.

Drug content, moisture content and water absorption capacities
--------------------------------------------------------------

The average drug content of all the patches was \>94% of the incorporated amount. Furthermore, lower thickness patches (A1- 96.2% and B1- 97.4%) had a slightly higher percentage of drug content than the higher thickness patches (A2- 94.5% and B2- 95.8%). The lower thickness patches had lower moisture content compared to the higher thickness patches. Similarly, the water absorption capacities at both RH conditions were determined and the data are shown in [Table 1](#t1-dddt-12-481){ref-type="table"}. The data show that for A1 patches, the water absorption capacity was 49% higher at 93% RH than at 75% RH, while it was 124% higher for B1 patches. The water absorption capacities at 75% RH were 1.471, 3.307, 1.287 and 2.067 wt% for A1, A2, B1 and B2, respectively. Moreover, the water absorption capacity was higher at 93% RH for all matrix patches B than the matrix patches A.

All formulations contain 20% DBS plasticizer and 20 mg MP. The "Patch with silicone" formulations contain 3 mL silicone adhesive, while the "Patch without silicone" formulations do not contain silicone.

FTIR spectrum
-------------

FTIR spectrums of MP, individual polymers such as EC, Eudragit RS 100 (RS) and PVP, and combined mixtures EC:PVP:MP and RS:PVP:MP were compared to observe for spectral shifts in the mixture ([Figure 1](#f1-dddt-12-481){ref-type="fig"}). All the peaks of the MP and polymers used in the mixture were observed in the FTIR spectra. The characteristic peaks of MP (1,643, 2,924, 2,954 and 3,437 cm^−1^), EC (1,047, 1,631 and 2,947 cm^−1^), RS 100 (1,220, 1,410, 1,750 and 2,966 cm^−1^) and PVP (1,360, 1,485, 1,600 and 2,968 cm^−1^) were observed. The FTIR spectra of the drug and combined mixtures revealed a band due to −OH stretching at 3,437 cm^−1^; there were bands recorded for −C−H stretching (aromatic) at 2,954 and 2,966 cm^−1^, while −CH~3~ stretching (aliphatic) resulted in bands at 2,968 and 2,924 cm^−1^. Furthermore, C=C stretching (aromatic) ensued 1,600 and 1,485 cm^−1^ bands. The peaks corresponding to either polymers or the drug did not show any significant shifts in the spectrum. However, there were few overlaps found in the characteristic peaks of the drug and the polymer.

In vitro drug release studies
-----------------------------

The cumulative release patterns of EC and RS 100 matrix patches with silicone adhesive having lower as well as higher thickness patches after 8 hours of diffusion evaluated by plotting cumulative percentage release against time (T^1/2^) are shown in [Figure 5](#f5-dddt-12-481){ref-type="fig"}. The cumulative percentage release of the drug was lower from the EC matrix patch containing silicone adhesive with lower thickness A1 (11.84%) compared to that of formulation without silicone, A1 (23.24%; [Figure 5](#f5-dddt-12-481){ref-type="fig"}). Nevertheless, the percentage of drug release was lower from the higher thickness EC polymeric patches, irrespective of whether they had silicone adhesive or not, compared to the lower thickness patches.

However, the cumulative percentage release of the drug was lower from the Eudragit RS 100 patch containing silicone adhesive with lower thickness, B1 (20.71%) compared to the formulation without silicone B1 (27.24%). In contrast to the EC patches, in the higher thickness Eudragit RS 100 patches, the percentage of drug release was higher irrespective of whether they had silicone adhesive or not (38.49% and 47.94%, respectively).

The plots clearly depict that diffusion-controlled matrix model is followed in the drug release by both EC and RS 100 patches; furthermore, the total percentage of the released drug is proportional to the square root of time.

Disk diffusion assay of transdermal matrix patch
------------------------------------------------

Commercially available disk (gentamicin, 10 μg) and matrix patch containing MP (A1, A2, B1 and B2) were used for this assay. The drug concentration of the 6 mm patch was 0.2 mg/disk. The MP matrix patches with silicone adhesive layered surface (6 mm, 0.2 mg) showed good zone of inhibition (ZOI). Gentamicin used as a standard exhibited 20 mm ZOI.

The inhibition zone of the matrix patches with silicone adhesive layered surface (A1- 14.3 mm, A2- 16.0 mm, B1- 15.3 mm and B2- 13.0 mm) showed slightly lesser ranges from 65% to 80% compared to gentamicin standard ([Figure 2A](#f2-dddt-12-481){ref-type="fig"}), whereas for MP matrix patches without silicone adhesive layered surface (6 mm, 0.2 mg), the inhibition zone was higher (A1- 28.3 mm, A2- 26.7 mm, B1- 27.0 mm and B2- 25.0 mm) compared to gentamicin standard ([Figure 2B](#f2-dddt-12-481){ref-type="fig"}).

It was clear from the results that the inhibition zones produced by MP matrix patches were susceptible to *S. aureus* growth. Data from [Figure 2A](#f2-dddt-12-481){ref-type="fig"} show that A1 and B1 of the matrix patches without silicone adhesive layered surface produced significant inhibition of *S. aureus* with a larger inhibition zone than with silicone adhesive layered surface patch ([Figure 2A](#f2-dddt-12-481){ref-type="fig"}). This can be illustrated from A1, where the former had 28.3 mm ZOI while the latter had 14.3 mm. Overall, the matrix patches A1, A2, B1 and B2 released MP by showing an inhibition zone against *S. aureus*.

In vivo animal studies for bacterial count
------------------------------------------

From [Figure 3](#f3-dddt-12-481){ref-type="fig"} and [Table 2](#t2-dddt-12-481){ref-type="table"}, it can be observed that the bacterial count decreased over time at two different swab locations (1 and 2 cm) from 0 to 24 hours of treatment. The bacterial counts at 0 hour of negative control patch were 4.45×10^3^ and 3.82×10^3^ CFU/mL at 1 and 2 cm, respectively. It can be seen that, 2% MP ointment (positive control) had bacterial counts of 3.28×10^3^ and 5.19×10^3^ CFU/mL at 1 and 2 cm, respectively, at 0 hour. For the test group, A1 matrix patch, the bacterial counts were 3.19×10^3^ and 4.36×10^3^ CFU/mL at 1 and 2 cm, respectively, at 0 hour. For B1 matrix patch, the bacterial counts were 2.95×10^3^ and 4.69×10^3^ CFU/mL at 1 and 2 cm, respectively.

The negative control patch exhibited bacterial counts of 2.99×10^3^ and 2.16×10^3^ CFU/mL at 1 and 2 cm, respectively, at 5 hours, whereas the commercial 2% MP ointment had bacterial counts of 1.5×10^3^ and 2.17×10^3^ CFU/mL at 1 and 2 cm, respectively. Also, A1 and B1 matrix patches had bacterial counts which were significantly reduced.

At the final 24 hours, the bacterial counts of negative control patch were 2.17×10^3^ and 2.3×10^3^ CFU/mL at 1 and 2 cm, respectively. In 2% MP ointment, the bacterial counts decreased from 1.5×10^3^ to 3.2×10^2^ CFU/mL from 5 to 24 hours respectively, at 1 cm, recording almost 370% decrease.

Likewise, both A1 and B1 patches showed a significant decrease of bacterial count, as seen in [Table 2](#t2-dddt-12-481){ref-type="table"}. Results of A1 and B1 MP matrix patches (1.5 cm^2^, 6.25 mg) show their capability to prevent the migration of *S. aureus*, as the bacterial counts taken at 1 and 2 cm locations from cleanly shaved live rat skin showed a decreased bacterial count over a period of time.

Skin irritancy test
-------------------

The skin irritancy test was conducted to find out the safety of transdermal matrix patches (A1 and B1). The results are tabulated in [Table 3](#t3-dddt-12-481){ref-type="table"}. The negative control showed no signs of edema and erythema, while the positive control showed slight edema. Likewise, the patches also had insignificant erythema.

Histopathologic analysis
------------------------

The histopathologic sections from the skin of the negative control (patch without drug), stained with hematoxylin and eosin, showed intact outer epidermis, which appeared to be of normal morphology and thickness. Beneath the epidermis was the dermis which showed fibrous connective tissue with adequate vascularization, and scattered appendages such as sweat glands and hair follicles ([Figure 4A](#f4-dddt-12-481){ref-type="fig"}). The positive control group (2% MP ointment) showed intact epidermis with normal morphology and thickness. The dermis showed fibrous connective tissue with adequate vascularization and normal scattered appendages ([Figure 4B](#f4-dddt-12-481){ref-type="fig"}). In A1 matrix patch, the histopathologic sections from the skin showed the epidermis, which appeared to be slightly thickened and showed features of mild focal acanthosis, with prominent stratum corneum layer, without any parakeratosis. There was no evidence of inflammation. The dermis showed adequate normal connective tissue. There seems to be a slight increase in the sweat glands and hair follicles, suggesting that the biopsy is from a hairy portion ([Figure 4C](#f4-dddt-12-481){ref-type="fig"}). For B1 matrix patch, the histopathologic section from the skin showed similar features as A1. The epidermis was intact without any discontinuity, ulceration or necrosis, but thinned out in the focal area. The dermis showed adequate normal connective tissue with occasional scattered nonspecific inflammatory cells ([Figure 4D](#f4-dddt-12-481){ref-type="fig"}).

Discussion
==========

Characterization of matrix patch
--------------------------------

Testing of the tensile strength is an opportunity to demonstrate the mechanical properties of the transdermal patches, such as stress--strain tolerance and stress at failure (strength). It is essential to have appropriate strength to be intact during storage and use.

Both EC and Eudragit RS 100 patches containing higher PVP concentration showed higher thickness. This is due to the higher molecular weight of DBS plasticizer which occupies the highly concentrated polymer--polymer chain spacing with higher amount of PVP.[@b14-dddt-12-481] Furthermore, the patches with lower amount of polymer had lower tensile strength and lower modulus of elasticity than the patches with higher amount of polymer. However, the tensile strength was not increased by doubling the amount of polymers and PVP in the patches. This may be due to either the PVP interrupting the continuity of the polymer chain molecules, resulting in a decrease in the blended polymer strength, or a decrease in the internal stresses of the polymer matrices. The other phenomenon is the presence of plasticizer molecules which were entrapped within the matrix system and thus decreased the cohesive forces considerably between the chains in the matrix system.[@b21-dddt-12-481] Consequently, there were new interactions between plasticizer and PVP polymer, after the preparation of the formulation, which led to considerable reduction in the ultimate strength of the patches.[@b17-dddt-12-481]

The results of this study demonstrate slightly improved mechanical strength of Eudragit RS 100 MP patches with 20% DBS (matrix patches B) than the EC patch (matrix patches A). [Table 1](#t1-dddt-12-481){ref-type="table"} shows clearly that there was no significant difference in mechanical properties between the patches based on two different polymers (EC and Eudragit RS 100). However, Eudragit RS 100--based patches were superior to EC-based patches in terms of tensile strength, modulus of elasticity and physical appearance.

The high average drug content in the polymeric patches, especially \>94%, infers that the intended amount of drug is uniformly dispersed throughout the patch, which would ensure uniform release/permeation of the drug from the matrix patches. Moisture content and water absorption capacity studies were carried out to find out whether the patches were acceptable for storage and handling as topical or transdermal patches. It is important to meet standard limits for the transdermal patches to show such properties. The moisture content and water absorption capacities of the EC and Eudragit RS 100-patches were solely dependent on the concentration of polymers used to fabricate the patches.

Hydrophilic PVP is also hygroscopic and, therefore, has an important influence on the moisture content in the patches; accordingly, the patches with higher PVP amounts had higher moisture content.[@b22-dddt-12-481] Also, patches containing EC had a higher moisture content and water absorption capacity than RS 100 patches.[@b22-dddt-12-481] Correspondingly, the amounts of absorption of water at both 75% and 93% RH conditions were also less significant; generally, hydrophilic PVP allows easy diffusion of water into the matrix film, while hydrophobic plasticizers such as DBS block the water absorption and moisture uptake. It was relatively difficult to hydrate patches with hydrophobic polymers, especially at 20%.[@b23-dddt-12-481] [Table 1](#t1-dddt-12-481){ref-type="table"} clearly demonstrates that the patches were intact in both RH conditions.

FTIR spectra of the drug and the components of the formulation provide valuable information on integrity of the molecules. Compatibility between the polymer and drug is important for formulation. Absence of significant shifts in the spectra is a confirmation that there is no major interaction, and indicates the compatibility of the drug with the other components of the patch.

In vitro drug release studies
-----------------------------

From [Figure 5A](#f5-dddt-12-481){ref-type="fig"}, it can be observed that the EC matrix patch with lower thickness exhibited higher percentage of drug release compared to higher thickness patch. The rigid polymer--polymer chain interaction in EC does not allow the drug for diffusion into the diffusion medium;[@b14-dddt-12-481] thus, the EC matrix patch with lower thickness exhibited higher percentage of drug release compared to the higher thickness patch. However, the amine group in the polymer Eudragit RS 100, as well as the silicone adhesives are able to permeate the drug molecules easily,[@b15-dddt-12-481] which leads to higher percentage of drug release in the higher thickness RS 100 matrix patch in comparison to lower thickness patch.

The use of higher amounts of EC polymer required more time for swelling in the presence of PVP; thus, the polymer chain relaxed slowly, resulting in lesser drug release than lesser amount of EC polymer and is the probable reason for the lower cumulative release. Additionally, silicone adhesive may block the pores of matrix, which leads to less diffusion of the drug molecules. Therefore, there are two reasons attributed to lower cumulative percentage release: firstly, lower surface diffusion due to slow hydration and swelling of polymeric matrix and secondly, the blockade of the polymer matrix pores which decreases the diffusion rate significantly.[@b24-dddt-12-481],[@b25-dddt-12-481]

The percentage of drug release was observed to be in the following descending order approximately at 8 hours: RS 100 patches without silicone \> RS 100 patches with silicone \> EC matrix patch without silicone \> EC matrix patch with silicone. This phenomenon is probably due to the following three reasons: firstly, absence of silicone adhesive makes the membrane pore to freely allow easy diffusion of the drug molecule, leading to greater surface diffusion; secondly, higher amount of PVP, a hydrophilic polymer, increases diffusion due to the formation of pores attributed to the presence of leached PVP in the diffusion medium; and thirdly, higher amount of amine content from RS 100 makes the membrane permeable for more diffusion of drug molecules.

Disk diffusion assay of transdermal matrix patches
--------------------------------------------------

MP has been used as the antibacterial of choice in eradicating *S. aureus* due to its effectiveness and low cost. Gentamicin can be used as a comparison to MP due to their similarity in the mode of action, that is, both of them inhibit protein synthesis inside the bacteria.[@b26-dddt-12-481],[@b27-dddt-12-481] This method helps to evaluate the antimicrobial activity of drugs such as MP and gentamicin against *S. aureus*, which leads to determination of the antimicrobial susceptibility of patches.

The inhibition zone diameters were interpreted in accordance with the BSAC for antimicrobial susceptibility testing. Standard zone diameter breakpoints of gentamicin for *Staphylococci* are as follows: if the inhibition zone is ≤19 mm, they are considered as resistant and if the inhibition zone is ≥20 mm, they are considered as susceptible. For MP, staphylococci are considered as resistant if the inhibition zone is ≤6 mm, intermediate if the inhibition zone is between 7 and 26 mm and susceptible if the inhibition zone is ≥27 mm.[@b28-dddt-12-481] [Table 1](#t1-dddt-12-481){ref-type="table"} shows that standard gentamicin produced inhibition zone well within the range of susceptibility, which can inhibit the growth of *S. aureus*. Thus, it was used as a positive control. Moreover, the MP matrix patches were susceptible toward *S. aureus* according to the BSAC.

As seen in the "Results" section, inhibition zone produced by lower thickness matrix patches was larger than that of higher thickness matrix patches of both polymers, as observed in patches without adhesive silicone layered surface. This may be due to the release of drug easily from the lower thickness matrix patches into the agar medium. The adhesive silicone layer decreased the drug release from the matrix pores, which attributed to a lower size of inhibition zone produced with both lower and higher thickness patches.[@b29-dddt-12-481] This revealed that the adhesive silicone layered surface blocked the drug release from the matrix pores, resulting in lower ZOI both in EC and RS 100 patches. MP was more susceptible than gentamicin toward *S. aureus*. This assay also showed that the test for antimicrobial activity of transdermal MP in the matrix patches produced a significant inhibition zone toward *S. aureus*. Hence, MP can be an effective prophylaxis against *S. aureus*.[@b7-dddt-12-481],[@b30-dddt-12-481],[@b31-dddt-12-481] However, this assay cannot determine whether the effects are due to bactericidal or bacteriostatic effects; although there was bacterial growth inhibition, it does not infer bacterial death and, moreover, it cannot quantify the amount of antibacterial agent diffused into the agar medium.[@b32-dddt-12-481]

In vivo animal studies
----------------------

Bacterial swab test is used to show the effectiveness of the matrix patch in preventing the migration of *S. aureus* from the outside, which is placed at 2 cm to a nearer area. The animal hair may contain residual bacteria which could regrow; thus, the area of the animal used for the study was clean shaved. Bacteria were placed 2 cm away from the patch to simulate the growth and migration of bacteria toward the site. It was proposed that as the bacteria migrate toward the patch, the antibiotic from the patch would leach and keep them under control either by bacteriostatic or bactericidal mechanism.

The matrix patch without the drug showed a reduction of 50% of the initial bacterial count, which may be due to the release of low-molecular-weight hydrophobic plasticizer that leads to bacterial degradation and also makes the place unsuitable for the bacterial growth near the patch. However, the bacterial count was considerably high and required the drug molecule to be loaded to eradicate the bacterial growth.

The MP ointment, used as positive control, decreased the bacterial count, which showed that the positive control was effective due to its mode of action of inhibiting bacterial protein synthesis.[@b33-dddt-12-481] However, the bacterial count was lower at 1 cm than at 2 cm, which may be due to the melting of the ointment bases by the rat skin temperature; therefore, there was a possibility of ointment bases along with the drug spreading beyond 1 cm area and thus, consequently, inhibiting the growth or multiplication of bacteria more at 2 cm area at 24 hours of treatment.

The MP-loaded EC matrix patch had lower number of bacteria over time, which was due to the capability of MP being released from the matrix patch into the skin layers, as the EC polymeric matrix has the ability to release the drug in a controlled manner.[@b34-dddt-12-481]

The significant decrease of the bacterial count in MP-loaded Eudragit RS 100 matrix patch was due to the presence of ammonium groups in RS 100, which increased the permeability, thus rapidly increasing the release of MP from the matrix.[@b35-dddt-12-481] This was supported by the in vitro release studies which showed higher cumulative percentage of drug release, correlating with the decrease in bacterial growth at 24 hours.

The patches with EC polymer exhibited higher bacterial counts than the RS 100 polymer patches, as the latter polymer had the capability to release the drug faster than EC, thus reducing the bacterial count.[@b35-dddt-12-481] Additionally, it is possible that the RS 100 polymer could have prevented the migration of bacteria even if it was beyond 3 cm from the patch, as the RS 100 polymer has better diffusion properties and surface tension which increase the drug release. It is of importance to note that both RS 100 and EC patches were effective in reducing the bacterial count of *S. aureus* even with a lower amount of drug dosage compared to the 2% MP ointment, whereas MP matrix patches loaded with 6.25 mg gave an effective prophylaxis therapy in animal studies. The cleanly shaven live rat skin showed a decreased bacterial count over the period of time, indicating prophylactic activities of the patch formulation.

In the histopathologic analysis, negative and positive control groups showed a normal morphology of skin layers. Likewise, matrix patch with RS 100 showed normal morphology. However, EC matrix patch showed mild nonspecific inflammation, which was not significant. All four groups showed no alteration in morphology, hence suggesting that the matrix patches containing MP that had been applied on the rat have no toxic or damaging effects on the skin ([Figure 4](#f4-dddt-12-481){ref-type="fig"}).

Skin irritancy test is crucial to ascertain the biocompatibility of the patches. It is essential to have good skin compatibility without irritation for either topical or transdermal drug delivery system, as it stays on the skin for a longer period of time. According to classical in vivo skin irritancy assay test by Lehman et al,[@b36-dddt-12-481] nonirritants to the skin have a primary irritancy index of \<2. Thus, both EC and RS 100 patches were considered to be nonirritants to the skin ([Table 3](#t3-dddt-12-481){ref-type="table"}).

Erythema of the skin indicates the start of inflammatory reaction, while edema depicts stronger inflammatory reaction due to the ingredients present in the formulation. The formulation preparations without erythema and edema are considered safe for use. [Table 3](#t3-dddt-12-481){ref-type="table"} shows that there was minimal erythema and no edema compared with the negative and positive controls. Thus, the matrix patch can be considered to be nonirritant to the skin. Therefore, the obtained results certainly indicate that the transdermal patch achieved the objectives of a biocompatible patch, such as being a nonirritant for a long duration of application. Thus, it can be stated that EC and methyl methacrylate polymer (EC and RS 100 polymer) deliver the drug into the skin layer over a longer period of time without any harmful effect to the skin.

Conclusion
==========

Our findings suggest that both A1 and B1 matrix patches were more effective in providing prophylaxis effects. In the in vitro studies, matrix patches A1 and B1 showed better effectiveness by producing a larger inhibition zone than higher thickness patches. In vivo studies showed that both matrix patches containing MP were capable of preventing the migration of *S. aureus* by showing a decreased bacterial count and were found to be nonirritants with no damaging effects on the skin. However, matrix patch B1 was better than A1 due to its higher capacity to control the bacterial count on the rat skin. Moreover, matrix patch B1 had higher drug content than A1. The results also showed that 20% plasticizer with silicone adhesive was also responsible for contributing to the controlled release into the skin layer without irritation and any skin toxicity.[@b20-dddt-12-481] Thus, this study has shown that the controlled release patches are comparable to 2% MP ointment without causing any significant difference in terms of prophylaxis effects and damage caused to the morphology of skin. These results can be used to provide a foundation for further studies of these matrix patches for high drug loading with longer duration.
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![FTIR spectrum for individual components and combined mixtures.\
**Abbreviations:** EC, ethyl cellulose; MP, mupirocin; PVP, polyvinyl pyrollidine; RS/RS 100, Eudragit RS 100.](dddt-12-481Fig1){#f1-dddt-12-481}

![Agar diffusion assay of matrix patches with silicone (**A**) and without silicone (**B**) adhesive against *Staphylococcus aureus* ATCC 25923.\
**Notes:** A1, lower thickness of ethyl cellulose-based matrix patch; A2, higher thickness of ethyl cellulose-based matrix patch; B1, lower thickness of Eudragit RS 100-based matrix patch; B2, higher thickness of Eudragit RS 100-based matrix patch.\
**Abbreviations:** ATCC, American Type Culture Collection; RS/RS 100, Eudragit RS 100.](dddt-12-481Fig2){#f2-dddt-12-481}

![Application of matrix patch.\
**Notes:** (**A**) Matrix patch was applied on the shaved area. (**B**) Adhesive membrane was used to hold the matrix patch firmly. (**C**) *Staphylococcus aureus* was inoculated on the shaved area (labeled as X) and spread evenly using a sterile cotton swab. (**D**) Swabs were taken using sterile cotton at both locations, 1 and 2 cm away from the patch.](dddt-12-481Fig3){#f3-dddt-12-481}

![Histopathologic analysis of the rat skin after 24 hours of treatment.\
**Notes:** (**A**) Negative control. (**B**) Positive control (2% mupirocin ointment). (**C**) A1 matrix patch with mupirocin. (**D**) B1 matrix patch with mupirocin. The tissue was viewed under ×10 magnification.](dddt-12-481Fig4){#f4-dddt-12-481}

![In vitro release studies of patches.\
**Notes:** The values are expressed as mean ± SD. (**A**) In vitro release studies with silicone adhesive. (**B**) In vitro release studies without silicone adhesive. A1 contains 300 mg of ethyl cellulose and 100 mg of polyvinyl pyrrolidone; A2 contains 600 mg of ethyl cellulose and 200 mg of polyvinyl pyrrolidone; B1 contains 400 mg of Eudragit RS 100 and 100 mg polyvinyl pyrrolidone; B2 contains 800 mg of Eudragit RS 100 and 200 mg of polyvinyl pyrrolidone.](dddt-12-481Fig5){#f5-dddt-12-481}

###### 

Composition of patches, mechanical and physiochemical properties and in vitro microbial inhibition data of patches

  Patch no   Polymer (mg)   Thickness (mm)   Tensile strength (MPa)   Modulus of elasticity (MPa)   Drug content (%)   Moisture content (wt%)   Water absorption capacities (wt%)   *Staphylococcus aureus* ATCC 259323 inhibition zone (mm)[a](#tfn2-dddt-12-481){ref-type="table-fn"}                                      
  ---------- -------------- ---------------- ------------------------ ----------------------------- ------------------ ------------------------ ----------------------------------- ----------------------------------------------------------------------------------------------------- ----------- ----------- ---------- ----------
  A1         300            --               100                      0.66±0.08                     5.08±0.6           21.53±3.4                96.2±1.9                            1.109±0.2                                                                                             1.471±0.2   2.187±0.1   14.3±1.3   28.3±0.3
  A2         600            --               200                      1.11±0.06                     9.06±0.8           38.56±2.5                94.5±2.0                            3.139±0.4                                                                                             3.307±0.1   4.148±0.8   16.0±0.6   26.7±0.3
  A2         --             400              100                      0.63±0.09                     7.50±0.5           28.26±1.8                97.4±1.1                            1.082±0.4                                                                                             1.287±0.5   2.878±0.7   15.3±2.9   27.0±1.0
  B2         --             800              200                      1.12±0.05                     10.08±0.7          42.19±1.4                95.8±2.8                            2.028±0.7                                                                                             2.067±0.1   3.307±0.5   13.0±1.5   25.0±0.0

**Notes:** All formulations contain 20% dibutyl sebacate plasticizer and 20 mg mupirocin.

The inhibition zone for all the patches for the standard drug gentamicin (10 μg) was 20 mm.

Formulations with "Patch with silicone" contain 3 mL silicone adhesive, while the "Patch without silicone" formulations do not contain silicone.

**Abbreviations:** ATCC, American Type Culture Collection; EC, ethyl cellulose; PVP, polyvinyl pyrrolidone; RH, relative humidities.

###### 

Effect of matrix patch in in vivo study at different time intervals (0, 5 and 24 hours)

  --------------------------------------------------------------------------------------------------------------------------------------------------
  Time (hours)   Matrix patch without drug\   2% mupirocin ointment\   Patch                                                            
                 Negative control             Positive control                                                                          
  -------------- ---------------------------- ------------------------ ------------ ------------ ------------ ------------ ------------ ------------
  0              4.45×10^3^                   3.82×10^3^               3.28×10^3^   5.19×10^3^   3.19×10^3^   4.36×10^3^   2.95×10^3^   4.69×10^3^

  5              2.99×10^3^                   2.16×10^3^               1.5×10^3^    2.17×10^3^   1.9×10^2^    3.6×10^2^    9×10^1^      1.6×10^2^

  24             2.17×10^3^                   2.3×10^3^                3.2×10^2^    1.5×10^2^    7×10^1^      1.3×10^2^    1×10^1^      8×10^1^
  --------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:** Bacterial count of the swabs taken from the rats was calculated and is indicated in CFU/mL. All matrix patch formulations used in this in vivo analysis did not contain silicone. Six animals were used for each group.

**Abbreviation:** CFU, colony forming units.

###### 

Skin irritancy test[a](#tfn8-dddt-12-481){ref-type="table-fn"}

  Rats   Negative control   Positive control (mupirocin ointment)   A1          B1                                   
  ------ ------------------ --------------------------------------- ----------- ----- ----------- ------ ----------- -------
  1      0.0                0.0                                     0.0         0.0   1           0.0    0.5         0.0
  2      0.0                0.0                                     0.5         0.0   0.5         0.5    1           0.5
  3      0.0                0.0                                     0.0         0.0   0.5         0.0    0.0         0.0
  4      0.0                0.0                                     0.5         0.0   1           0.0    0.0         0.0
  5      0.0                0.0                                     0.5         0.0   0.5         0.5    0.0         0.5
  6      0.0                0.0                                     0.5         0.0   0.5         0.5    0.0         0.0
  Mean   0.0                0.0                                     0.33        0.0   0.66        0.15   0.42        0.09
  SD     0.0                0.0                                     0.3         0.0   0.09        0.04   0.03        0.001
  PII    0.0±0.0                                                    0.33±0.03         0.81±0.05          0.51±0.04   

**Notes:** Negative control patch, transdermal patch without drug; positive control, mupirocin ointment; A1, transdermal patch; B1, transdermal patch. Erythema scale: 0, none; 1, slight; 2, well defined; 3, moderate and 4, scar formation. Edema scale: 0, none; 1, slight; 2, well defined; 3, moderate and 4, severe.

PII were expressed as mean ± SD, n=6.

**Abbreviation:** PII, Primary Irritancy Index.
